As society strives to transition towards more sustainable development pathways, it is important to properly conceptualize the link between biodiversity (i.e. genes, traits, species and other dimensions) and human well-being (HWB; i.e. health, wealth, security and other dimensions). Here, we explore how published conceptual frameworks consider the extent to which the biodiversity -HWB links are being integrated into public discourse and scientific research and the implications of our findings for sustainable development. We find that our understanding has gradually evolved from seeing the value of biodiversity as an external commodity that may influence HWB to biodiversity as fundamental to HWB. Analysis of the literature trends indicates increasing engagement with the terms biodiversity, HWB and sustainable development in the public, science and policy spheres, but largely as independent rather than linked terms. We suggest that a consensus framework for sustainable development should include biodiversity explicitly as a suite of internal variables that both influence and are influenced by HWB. Doing so will enhance clarity and help shape coherent research and policy priorities. We further suggest that the absence of this link in development can inadvertently lead to a ratcheting down of biodiversity by otherwise well-meaning policies. Such biotic impoverishment could lock HWB at minimum levels or lead to its decline and halt or reverse progress in achieving sustainable development.
Introduction
For several decades, world governments and policy bodies have been on a course of attempting to improve human well-being (HWB) through the stated intention of sustainable development, which includes improved education, health and environmental quality [1] [2] [3] [4] [5] [6] [7] [8] [9] , although often to the exclusion of family planning and the demographic dividend (i.e. economic benefits associated with changes in age structure that occur when birth and death rates decline) in policy development [10, 11] . Although biodiversity has long been considered integral to this sustainable development agenda [4,12 -15] , its relationship to HWB has not been systematically explored. As Seddon et al. [9] note, effective conservation, restoration and sustainable practice rest heavily on how clearly the science and policy spheres understand biodiversity's many values. Our motivation here is, through a systematic exploration of the current literature, examining its trends, its findings and its frameworks, to provide such clarity. Our focus, however, is specifically on biodiversity's values as they relate to improving HWB, the stipulated goal of sustainable development. Understanding the link between biodiversity and HWB is important as both parameters are undergoing considerable change. Biodiversity, ecosystem functioning, ecosystem services and human well-being are widely used terms, though how they are defined, unfortunately, varies among sectors, sometimes generating confusion. Biodiversity is most commonly defined as the variability among living organisms from all sources including taxonomic, phylogenetic, and functional diversity and the ecological complexes of which they are part [16] . Though complex in definition, global syntheses focusing on species or other components have documented widespread loss of biodiversity [17] [18] [19] [20] [21] . Every ecosystem features key functions such as primary production and nutrient cycling, which give rise to ecosystem services that improve HWB, such as the provisioning of clean water, fertile soils, timber and capture fisheries [9, [22] [23] [24] [25] [26] [27] .
HWB, like biodiversity [28] , is a multidimensional construct that includes both subjective (e.g. how happy are you on a scale of 1-4) as well as objective measures (e.g. access to medical care) [29, 30] . HWB has eluded any universal definition because of this multidimensionality [30] ; it encompasses concepts of knowledge, friendship, self-expression, affiliation, bodily integrity, economic security, freedom, affection, wealth and leisure [31] . The Millennium Ecosystem Assessment (MA), for example, considered HWB to consist of five dimensions or elements: (i) basic material for a good life, (ii) security, (iii) health, (iv) good social relations, and (v) freedom of choice and action [2] . There are, however, many other subjective and objective variables that can be included [32, 33] . In a review of HWB indices, for example, Smith et al. [32] identified 799 indicator variables, many of which relate to the MA's five HWB pillars.
Ecosystem functions and services are shaped by their biodiversity; it is intuitive that HWB and biodiversity should be linked. To date, two alternative (though not mutually exclusive) perspectives on the relationship between biodiversity and HWB have shaped public discourse and scientific research. One perspective emphasizes that human or economic development, in which natural, human, social and other capital stocks are marketed to produce flows of desired economic outputs, comes at the price of biodiversity loss. Such human development is often motivated by aspirations to improve HWB, but over recent history, this development has come at the expense of natural capital which has declined while other forms of capital, such as financial, social and built, have increased [34] [35] [36] . Indeed, processes directly and indirectly associated with declines in biological diversity have largely driven human colonization and development of civilizations on all continents since the Early-to Mid-Holocene about 5000-7000 yr ago [37] [38] [39] . These processes include conversion of natural habitats to agriculture [40] [41] [42] , unsustainable exploitation of living resources [43] , alteration of biogeochemical cycles [44] , substitution of native and wild by exotic and domesticated species [45] , freshwater appropriation and impoundment [46] , human appropriation of primary production [47] [48] [49] and other human activities that generally lead to biodiversity loss [18, 27, [50] [51] [52] . More specifically, much of this biodiversity loss is linked directly to the explosive growth over recent decades in global trade in basic commodities, such as coffee, tea, sugar, textiles and fish [43, 53] . This causal chain that links human development, biodiversity and HWB can be illustrated as follows: human development ðþÞ ! human well--beingðþÞ
where parenthetical signs indicate increases (þ) or decreases (2) . This perspective has been concerned with biodiversity primarily as an external variable of unspecified, intrinsic value that is essentially affected as collateral damage during human development processes. The second, newer perspective, emphasizes biodiversity as the foundation of a system that produces HWB via its positive effects on ecosystem function [9,54 -61] . This can be illustrated as follows: biodiversity ðþÞ ! ecosystem functions/services ðþÞ ! human well-being ðþÞ:
ð1:2Þ
As we will show below, these two different perspectives lead to different frameworks which can generate confusion across sectors.
2. Biodiversity and human well-being linkages in existing conceptual frameworks
Because biodiversity, ecosystem functioning, ecosystem services and HWB are complex constructs, there are many linkages among them that makes the simultaneous consideration of all four constructs challenging. Figure 1 , for example, considers just eight dimensions of biodiversity, four dimensions of ecosystem functioning, three dimensions of ecosystem services and four dimensions of HWB for two development pathways, which, in theory, consists of 768 (8 Â 4 Â 3 Â 2) possible outcomes for a single change in biodiversity for a minimal set of dimensions for the four constructs. The frameworks we review seek ways to simplify these linkages. Theoretical and empirical support are the strongest for the relationships among taxonomic, functional and to a limited extent, phylogenetic diversity and ecosystem function [9, 28, 56, 57, 61, 62] . There are, however, considerable knowledge gaps on the links between biodiversity and ecosystem services [58, 61, 63] . Trade-offs and synergies among linkages are also poorly studied [55, 64, 65] (see, also, the literature survey, below). To the best of our knowledge, complete, quantitative studies that link biodiversity and HWB via ecosystem functions and services, have yet to be done, let alone tests of 768 possible outcomes of the minimal set of dimensions illustrated in figure 1 .
In spite of the limited research on the linkages and outcomes illustrated in figure 1, several conceptual frameworks have nevertheless been developed (figure 2). In many frameworks, biodiversity is conceptualized as an external commodity influencing HWB, similar to clean air and water, or as a source of materials (e.g. pharmaceuticals, genetic resources for plant and animal breeding), recreation or other values [9] . Thus, HWB is not seen as something that emerges from biodiversity but as an amalgam of many factors of which biodiversity is just one that may provide positive physical and mental benefits [74] and be a source of resilience for ecosystem services important to HWB [75] [76] [77] [78] . As such, HWB is an integrative construct similar to the total economic value or the economics of ecosystems and biodiversity [9] .
On the other hand, more complex linkages between humanity and nature have long been recognized, such as seen in Robert Fludd's sixteenth century illustration (figure 2a). In his figure, humanity is seen as small and primitive but sitting atop a world structured by air, minerals and rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20162091
Earth's biota. Though his world was ruled by nature, seen as a nurturing force, nature in turn was ruled by God. Thus, HWB was largely seen as a matter of fate, the outcome of processes outside human influence, but our connections to nature were clear [66, 79] .
More contemporary scientific frameworks vary in their inclusion of biodiversity and HWB. Tapio & Willamo [67] , for example, examined several environmental protection frameworks which emphasize human drivers or pressures that lead to environmental problems and adverse impacts on health, air, water and biodiversity. These impacts in turn elicit human responses designed to correct environmental problems. The driving forces-pressures-state-impactsresponses (DPSIR) framework [67] [68] [69] shown in figure 2b sees human development as the source of pressures that affect the environment that in turn affect HWB.
The MA [2] , built on a decade of research into the functional importance of biodiversity [80] to provide a radically new perspective in positioning biodiversity as the foundation for ecosystem functioning and the services it provides (figure 2c). Here, biodiversity is illustrated as an all-encompassing factor that mediates ecosystem functions which influence HWB through the services biodiversity generates.
The Intergovernmental Platform on Biodiversity and Ecosystem Services (IPBES) [70 -72] adopted a framework that incorporated elements of both the MA and the driverimpact-response framework. Biodiversity is combined with ecosystems and subsumed under the banner of 'Nature', whose sole output is 'Nature's Benefits to People' (figure 2d).
Mace et al. [63] addressed the confusion created by assessment frameworks, such as the MA, that saw biodiversity as both a driver of ecosystem functioning and an ecosystem service itself. Their solution was to embed biodiversity across a four-part framework (figure 2e), making it at once a regulator of ecosystem functions ( processes), an ecosystem service and an ecosystem good. Figure 1 . Linking economic development (sustainable or unsustainable), biodiversity, ecosystem functioning, ecosystem services and HWB. Biodiversity is illustrated centrally as a multidimensional construct (top, central green box) in which a biota varies in its diversity of genes, traits, species, and other dimensions. This biodiversity undergoes collective change (decline to the left, increase to the right), each dimension changing as described to the left (declining) or right (increasing) depending on management (unsustainable to the left, sustainable to the right) or other human interventions. The characteristics of these changes for each dimension are described in the boxes left and right of the biodiversity box. Change results in biodiversity-poor ecosystems (left, top) or biodiversity-rich ecosystems (right, top). Research has demonstrated, though results vary and knowledge gaps remain, that change in each dimension has different impacts on the magnitudes and stability of ecosystem functions which alter properties of ecosystems, as described in the top, left and top, right boxes. Development that leads to biodiversity-poor ecosystems results in a net loss and destabilization of ecosystem processes (left, white box) attributable to increases or decreases in ecosystem functions, only four of which are shown with up or down arrows to indicate increases or decreases. The converse occurs where development leads to biodiversity-rich ecosystems (right, white box). These contrasting changes in ecosystem functions lead to differences in ecosystem service delivery (boxes adjacent to bottom central box). Biodiversitypoor systems (e.g. monoculture production landscapes or collapsed open ocean fisheries) provide short-term, unstable increases in provisioning services with concomitant in regulating and cultural services (left). The converse occurs in systems managed to sustain biodiversity (right). HWB experiences change in its many components, here categorized as security, materials for a good life, all dimensions of mental and physical health, and good social relations in a stable and productive society. Rogers et al. [33] embed biodiversity into the construct of healthy ecosystems (figure 2f ). In this framework, biodiversity becomes a biotic factor, which coupled with abiotic factors collectively determines the flow of goods and services that influences HWB. HWB itself is treated in a separate framework and seen as an eight-dimensional construct, comprising both subjective and objective variables, one of which, stable ecosystems, includes biodiversity.
Finally, in a break from the box-and-arrow approach of most frameworks, the safe planetary boundaries framework [4, 73, 81] focuses on a limited set of key threats to the integrity of planetary processes and implicitly HWB (figure 2g). The original framework labelled one boundary 'biodiversity loss', but it is now labelled 'biosphere integrity', which is divided into functional and genetic diversity and offers the Biodiversity Intactness Index [82] and extinction rates (extinctions/millionspecies-years) as possible metrics for each, respectively.
This multiplicity of views illustrates widespread consensus on the links between biodiversity and HWB, but it also generates confusion.
Public and scientific uptake of the biodiversity-human well-being linkages
The link between biodiversity and HWB became a focus of public discourse and scientific research in the early 1990s following the Brundtland Report [1] , and the United Nations (UN). Conference on Environment and Development held in Rio de Janeiro in 1992. The latter event also marked the launch of the UN Framework Convention on Climate Change and the UN Conventions on Biological Diversity and to Combat Desertification, all seen as landmarks in the rise of sustainable development as a societal paradigm. As described in the previous section, environmental frameworks always couple biodiversity and HWB, but not in consistent ways. Frameworks have also been developed separately by the research and policy sectors, and sometimes by both, which influences their accessibility and uptake by different sectors. Biodiversity is variously considered an externality, a driver or a diffuse variable, embedded in one or more parts of a framework. These deliberations beg the following question: given its ubiquity and variability in conceptual frameworks, how has the biodiversity-HWB link been taken up in public discourse and scientific research? To address this question, we used text product databases as proxy measures of public discourse and scientific research. Using the LexisNexis Academic database, we quantified public discourse by tallying the number of text products, consisting of general news pieces (e.g. web-based publications, newspaper articles, law review articles, magazine articles) that referenced the following search terms: biodiversity, human well-being or human wellbeing, sustainable development, biodiversity and human well-being or human wellbeing, biodiversity and sustainable development, human well-being or human wellbeing and sustainable development, and biodiversity and human wellbeing or human wellbeing and sustainable development. As the number of text products returned for the single terms biodiversity and sustainable development from 1991 to 2014 exceeded the LexisNexis Academic limit on products retrieved (1000), we recorded the number of publications on the first day of each month and then summed and averaged those tallies, multiplying the end result by 365 to create an estimate of the number of products in a given year (we assumed there were no calendar biases such as spikes on the first day of the month or at the end of the year). For scientific research, we tallied peerreviewed scientific publications in the ISI Web of Science database using the same term list, though LexisNexis required sampling to determine product output while ISI provided direct counts. We anchored our analyses to the base year 1985, a few years prior to the surge of interest generated by the Brundtland Report [1] and the 1992 Earth Summit. We note that focus on text products ignores other media that can be fairly important, such as film, video and other non-literary art forms.
There are several striking features from the results of these text product analyses. First, public discourse shows an unprecedented, exponential rise in public engagement with the terms sustainable development and biodiversity that exceeded three orders of magnitude ( figure 3, top) , with the rise levelling by the mid-1990s around 10 5 text products per year. This rise is possibly even more striking given that we do not include nontext-based products. Currently, an average of 350 text products published each day uses the single term sustainable development and around 200 products everyday uses biodiversity. By contrast, HWB as a single term rises more slowly with current daily output of roughly fewer than 3 per day.
Products that use any combination of terms have shown substantially lower engagement with most multi-term text products currently showing outputs of about 100 per year, the notable exception being products that use biodiversity þ sustainable development. The lowest outputs are products using all three terms. Joint use of biodiversity and HWB has the rarest occurrence of two terms combined.
Scientific research shows a similar pattern to that of public discourse ( figure 3, bottom) . Not surprisingly, biodiversity occurs in scientific products more than any other term or set of terms as opposed to sustainable development in the public discourse products. That the magnitudes for the scientific Figure 2 . (Overleaf.) Conceptual frameworks. Shown are published frameworks that include biodiversity and HWB, explicitly or implicitly. (a) Reproduction of a fifteenth century Western understanding of the relationship between humans and nature (adapted from [66] ). (b) The DPSIR framework (adapted from [67 -69] ). (c) The MA framework (adapted from [2] ). (d ) The IPBES framework (adapted from [70 -72] ). (e) Adapted from Mace et al. [63] . (f ) Adapted from Rogers et al. [33] framework based on the construct of healthy ecosystems. (g) The safe planetary boundaries framework (adapted from [73] ) currently uses the term 'biotic integrity' which implicitly refers to biodiversity, thus we have placed the term parenthetically in the framework. Likewise, we have placed HWB parenthetically in the framework taking the zones to implicitly reflect elements of HWB. Note that, to improve readability and reduce clutter, we have extracted only the core elements of each framework, focusing specifically on biodiversity (green boxes), human or economic development that is usually associated with drivers of change (red boxes), ecosystem services (yellow boxes) and HWB (brown boxes), leaving out complex features such as scale and tabulations of specific elements of biodiversity and HWB or examples of ecosystem services and ecosystem functions. Our purpose here is to show the multiplicity of ways in which biodiversity and HWB are related to one another by different frameworks, but these frameworks serve to illustrate many other relationships among a larger number of factors than we address here. See text for further explanation. (Online version in colour.) rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20162091 literature outputs are substantially lower than text product outputs in public discourse is not surprising as it reflects the larger volume of text outputs in public discourse. Similar to public discourse, however, the number of papers that use combinations of the three terms are an order of magnitude lower than those that use the terms singly, whereas those using all three terms are rare. Joint use of biodiversity and HWB is roughly indistinguishable from the joint use of any other pair.
Discussion and synthesis
The fact that biodiversity and HWB are linked is well established. However, it appears from our brief surveys of frameworks and the literature that our present understanding of this link is variously posited as:
-biodiversity is a foundation of ecosystem processes/ functions-its decline impairs the magnitude and stability of ecosystem functions that, in turn, adversely affects HWB. Indeed, Seddon et al. (this special feature [9] ), propose biodiversity services as an alternative to ecosystem processes to emphasize biodiversity's foundational role; -biodiversity is a product of ecosystem functioninghealthy ecosystems support more biodiversity; -biodiversity is an environmental commodity, like clean air and water; -biodiversity is intrinsically an ecosystem service-it is an ecosystem property we value in its own right; and -biodiversity can be an element of HWB, like social cohesion, happiness and connections to nature, for some people and some cultures.
While these views are not mutually exclusive, they can differently influence public discourse ( perceptions, actions and policy) as well as scientific research. Based on the literature trends, summing over the period between 1985 and 2014, the majority of our public discourse (99.2%) and research papers (99.3%) considers biodiversity, HWB and sustainable development as isolated constructs. The literature sources considering two of these terms were often an order of magnitude less common than those using terms singly, and those that considered all three terms together were rare ( figure 3 ). There may be more overlap among these constructs than our methods detect depending on authors' selections of key words and terms, but given the high percentage (more than 90%), our findings are likely to be qualitatively accurate. It is also, perhaps, not surprising that individual terms may be used in isolation initially and collectively at a later time when integration occurs, which would explain the slower rise in multiple usages.
Synthesis
Our brief review reveals a range of perspectives on the linkage between biodiversity and HWB, and calls for a more coherent and unified framework. In figure 4 , we present a unified framework that includes both the effects of human development on biodiversity and well-being and feedbacks from biodiversity to HWB. From this unified framework, it becomes clear that development will be sustainable when it strives to minimize harmful feedbacks, and ideally turns them into beneficial feedbacks by restoring biodiversity where it has been degraded. Rather than allowing natural capital (e.g. fossil fuels, soil, non-renewable minerals, old-growth forest, bushmeat and fish stocks) to be spent down by unsustainable development practices, we can insure long-term environmental sustainability by developing strategies for sustainable agriculture, forestry, animal husbandry and fisheries. These strategies, along with monitoring and tracking, should be adaptive and integrated. The SDGs, for example, could better meet their 2030 targets by greater integration of biodiversity into the 17 goals rather than separating them into 15 goals concerning HWB and only two concerning biodiversity (see also Seddon et al. [9] ). In seeking to maximize gains in HWB, distinguishing between achieving a robust versus fragile state of HWB is important (e.g. 'thick' and 'thin' well-being as described by [83] ). A fragile state of HWB is one focused primarily on securing the immediate survival needs of people affected by poor nutrition, clean water shortage and poverty (akin to the physiological needs in Maslow's hierarchy of human needs [84] ), while a robust state of HWB is one that achieves minimums, is resistant to shocks, and has the potential to rise above minimums. Whether one subscribes to an optimistic or pessimistic view for likely future trends in HWB, current levels of poverty, hunger and water scarcity call for urgent actions to improve and reduce inequality in HWB as quickly as possible. Focusing on securing minimum levels of HWB, however, may mean securing just enough biodiversity to insure minimum levels in the psychological, physiological, social, aesthetic, heath, material benefits and ecological resiliency biodiversity provides (i.e. the MA's 4 pillars of HWB [85] ). In the interim, however, if biodiversity loss is prevalent and irreversible, then moving to a more robust state and higher levels of HWB could be untenable.
This scenario in which urgency necessitates immediate pursuit of minimal HWB that allows for further losses in biodiversity that, in turn, leads to further declines in HWB, yields a dynamic in which biodiversity is steadily ratcheted downward. The possibly that a threshold exists and is crossed in which ecosystem functions and services change dramatically becomes increasingly likely in the face of this biodiversity-HWB ratchet. Given the relationship between biodiversity and poverty alleviation (Roe et al. this special feature [86] ), this ratcheting down of biodiversity could co-ratchet poverty upward.
An alternative approach is to focus on achieving a robust state of HWB, one that leads to the preservation or retention of biodiversity. This alternative approach follows the strategies of prudent businesses that employ the precautionary principle; invest some part of their profits in protecting their capital through insurance, security, and research and development. In the same way that a prudent business is pre-adapted to future change in markets, an ecosystem rich in diversity is one that is pre-adapted to future environmental change. To maintain the ecosystem services on which HWB depends, we need to develop policy that requires investment (and/or conservation) to protect and value the forms of natural capital that generate those services.
The biodiversity-HWB ratchet is avoidable through better understanding and communicating the biodiversity-HWB link. The two frameworks we present in figure 4 , for example, include safe planetary boundaries that draw attention to pursuing strategies for sustainable development that emphasize maintaining levels of biodiversity that are not minimally sufficient to get the job done, but sufficient to ensure robust Earth-system function. Building public discourse and research on the biodiversity-HWB link, promoting robust HWB and addressing the feedbacks, benefits and trade-offs associated with biodiversity-based HWB (e.g. [87] ) are all important steps towards sustainable development.
Conclusion
Although both HWB and biodiversity are multidimensional constructs that can be difficult to define and quantify, their linkage must be a central feature of any conceptual framework that informs sustainable development. Biodiversity, however, is often seen as a diffuse agent, and often its importance is implied rather than explicitly incorporated. In this review, we find that biodiversity, HWB and sustainable development are typically treated in isolation and their linkages are neglected. A more robust framework would include both the effects of development on HWB and Figure 4 . Simplified framework for sustainable development. This conceptual framework combines causalities from models 1 to 3 (see Introduction) and ideas captured in conceptual frameworks presented in figure 2 by establishing feedbacks from biodiversity to HWB. These feedbacks can be direct, where people appreciate biodiversity for its tangible (e.g. birding or snorkelling) or less tangible (e.g. inspirational or aesthetic) cultural values, or indirect, via the stable provisioning of ecosystem goods and services at magnitudes that support HWB. Sustainable development strives to optimize increases in HWB with the maintenance and restoration of biodiversity, establishing a positive feedback. Note that unsustainable development leads to a reduction in biodiversity, benefits derived from cultural values of biodiversity and HWB illustrated as smaller boxes than the bottom illustration for sustainable development. Note also that the safe space, illustrated as the yellow and green regions in the circular areas under the magnitude and stability of ecosystem functions, goods and services, also shrinks under unsustainable development. (Online version in colour.) rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20162091 biodiversity, as well as feedbacks (figure 4). While there may appear to be some circularity in advocating biodiversity conservation to improve HWB and improving HWB to conserve biodiversity, the story is more complex. First, the biodiversity-HWB ratchet described above points to the threat of diversity levels becoming low enough to cross threshold levels and trigger potentially irreversible and detrimental changes in ecosystem processes, services and HWB. Second, there are ethical arguments against human transformations at scales that jeopardize earth-system functioning. Finally, human appropriation of natural resources needs to be controlled in order to secure biodiversity levels sufficient to insure robust levels of HWB that are well above minimums. Improved conceptual frameworks, and the discourse and research they instigate can help shape a sustainable development agenda that goes beyond securing immediate survival needs to create a society that values the restoration of biodiversity as both a base condition and a product of improved HWB.
